To suppress the volume expansion and thus improve the performance of antimonene as a promising anode for lithium-ion batteries, we have systematically studied the stability, structural and electronic properties of the antimonene capped with graphene (G/Sb heterostructure) upon the intercalation and diffusion of Li atoms by first-principles calculations based on van der Waals (vdW) corrected density functional theory. G/Sb exhibits higher Young's modulus (armchair: 145.20, zigzag: 144.36 N m −1 ) and improved electrical conductivity (bandgap of 0.03 eV) compared with those of antimonene. Li favors incorporating into the interlayer region of G/Sb rather than the outside surfaces of graphene and antimonene of G/Sb heterostructure, which is caused by the synergistic effect. The in-plane lattice constants of G/Sb heterostructure expand only around 4.5%, and the interlayer distance of G/Sb increases slightly (0.22 Å) at the case of fully lithiation, which indicates that the capping of graphene on antimonene can effectively suppress the volumetric expansion during the charging process. Additionally, the hybrid G/Sb heterostructure has little influence on the migration behaviors of Li on the outside of graphene and Sb surfaces compared with their free-standing monolayers. However, the migration energy barrier for Li diffusion in the interlayer region (about 0.59 eV) is significantly affected by the geometry structure, which can be reduced to 0.34 eV simply by increasing the interlayer distance. The higher theoretical specific capacity (369.03 mAh g −1 vs 208 mAh g −1 for antimonene monolayer) and suitable open circuit voltage (from 0.11 V to 0.89 V) of G/Sb heterostructure are beneficial for anode materials of lithium-ion batteries. The above results reveal that G/Sb heterostructure may be an ideal candidate of anode for high recycling-rate and portable lithium-ion batteries. Nanomaterials 2019, 9, 1430 2 of 16 storage. However, the low adsorption energy and the weak binding strength between Li and 2D layered materials significantly hampered their practical applications in LIBs.
Introduction
Owing to their high reversible capacity, high energy/power density, and long lifespan, lithium-ion batteries (LIBs) have received considerable interests for electrochemical energy storage and conversion devices such as electric vehicles and portable electronic devices [1] [2] [3] . In the past decade, two-dimensional (2D) materials, such as graphene [4] , MoS 2 [5] , black or blue phosphorene [6, 7] , SnP 3 [8] , and MXenes [9] , have attracted significant attention as promising anode material in metal ion batteries, which exhibit enhanced electrochemical properties compared to their bulk counterparts due to their large surface-to-volume ratio, fast ion diffusion, and enlarged surface active sites for ion seems to be a simple sum of those of graphene and antimonene showing a zero band gap [29] . Meanwhile, G/Sb heterostructure has been successfully synthesized and applied in anode of sodium-ion batteries, which showed high Na capacity and excellent cycling performance [30] . Therefore, it is expected that the graphene can greatly improve the electrical conductivity of the hybrid structure and effectively prevent the large volume expansion of antimonene caused by the allying reaction. In this paper, we systematically investigated Li intercalation in G/Sb heterostructure for rechargeable battery applications. We focus on the stability of G/Sb and the Li adsorption and diffusion properties on the G/Sb performed by first-principles calculations based on vdW corrected density functional theory. Furthermore, we also estimate the specific capacity and average open circuit voltage of the G/Sb heterostructure.
Methods
All calculations were performed based on the densityfunctional theory (DFT) as implemented in the Vienna ab initio simulation package (VASP) [31, 32] . The exchange correlation energy was described by the generalized gradient approximation (GGA) in the scheme proposed by the Perdew-Burke-Ernzerhof (PBE) functional [33] . The projector augmented wave (PAW) method is employed to describe electron-ion interactions [34] . The plane wave basis set with cutoff energy of 450 eV is used. The vacuum layer of 20 Å was set to eliminate the interactions between adjacent supercells. Interlayer vdW interactions of the graphene/antimonene (G/Sb) systems are considered in our calculations by using a dispersion correction term with the DFT-D 2 method of Grimme [35] . The k-points grids of 5 × 5 × 1 and 9 × 9 × 1 with Γ-center schemes [36] were used to sample the first Brillouin zone for structural optimizations and electronic calculations, respectively. After full optimization, the lattice constants of graphene and antimonene are 2.47 and 4.12 Å, respectively, which are consistent with previous studies [4] . To reduce the lattice mismatch between the layers, the G/Sb heterostructure are constructed by a supercell with (5 × 5) graphene and (3 × 3) antimonene, which includes 50 carbon atoms and 18 antimony atoms. Several possible configurations with different relative positions of graphene and antimonene shown in Figure 1 are considered in the search for the most stable configure of G/Sb heterostructure (with lowest total energy and formation energy). Nanomaterials 2019, 9, x FOR PEER REVIEW 3 of 16 in anode of sodium-ion batteries, which showed high Na capacity and excellent cycling performance [30] . Therefore, it is expected that the graphene can greatly improve the electrical conductivity of the hybrid structure and effectively prevent the large volume expansion of antimonene caused by the allying reaction. In this paper, we systematically investigated Li intercalation in G/Sb heterostructure for rechargeable battery applications. We focus on the stability of G/Sb and the Li adsorption and diffusion properties on the G/Sb performed by first-principles calculations based on vdW corrected density functional theory. Furthermore, we also estimate the specific capacity and average open circuit voltage of the G/Sb heterostructure.
All calculations were performed based on the densityfunctional theory (DFT) as implemented in the Vienna ab initio simulation package (VASP) [31, 32] . The exchange correlation energy was described by the generalized gradient approximation (GGA) in the scheme proposed by the Perdew-Burke-Ernzerhof (PBE) functional [33] . The projector augmented wave (PAW) method is employed to describe electron-ion interactions [34] . The plane wave basis set with cutoff energy of 450 eV is used. The vacuum layer of 20 Å was set to eliminate the interactions between adjacent supercells. Interlayer vdW interactions of the graphene/antimonene (G/Sb) systems are considered in our calculations by using a dispersion correction term with the DFT-D2 method of Grimme [35] . The k-points grids of 5 × 5 × 1 and 9 × 9 × 1 with Γ-center schemes [36] were used to sample the first Brillouin zone for structural optimizations and electronic calculations, respectively. After full optimization, the lattice constants of graphene and antimonene are 2.47 and 4.12 Å , respectively, which are consistent with previous studies [4] . To reduce the lattice mismatch between the layers, the G/Sb heterostructure are constructed by a supercell with (5 × 5) graphene and (3 × 3) antimonene, which includes 50 carbon atoms and 18 antimony atoms. Several possible configurations with different relative positions of graphene and antimonene shown in Figure 1 are considered in the search for the most stable configure of G/Sb heterostructure (with lowest total energy and formation energy).
To investigate the diffusion properties of Li in the G/Sb heterostructure, the nudged elastic band (NEB) method was adopted to calculate the transition state and migration barrier [37, 38] . All the geometry structures are fully relaxed until the total energies satisfied the convergence of 1.0 × 10 −5 eV and forces on each atom smaller than 0.01 eV/Å , respectively. To investigate the diffusion properties of Li in the G/Sb heterostructure, the nudged elastic band (NEB) method was adopted to calculate the transition state and migration barrier [37, 38] . All the geometry structures are fully relaxed until the total energies satisfied the convergence of 1.0 × 10 −5 eV and forces on each atom smaller than 0.01 eV/Å, respectively.
Results and Discussion

Stability, Structural, and Electronic Properties of G/Sb Heterostructure
The geometrical structures of monolayer graphene (G) and antimonene (Sb) are optimized for references. Graphene exhibits hexagonal honeycomb structure with lattice constant of 2.47 Å and its C-C bond length and bond angle are 1.43 Å and 120 • , respectively. However, in order to increase the stability of layered structure, antimonene adopts buckled honeycomb structures with lattice parameter and layer thickness of 4.12 Å and 1.65 Å, which is similar to those of buckled arsenene and silicene [39, 40] . The above calculated results are in good agreement with previous results.
In order to find out the most stable stacking pattern for the graphene on antimonene, here, we considered four typical stacking configurations, H-H, H-C, Sb-C, and Sb-H G , for G/Sb heterostructure as illustrated in Figure 1 . All systems were geometrically optimized to get the most stable atomic configuration. We introduced the formation energy to investigate the thermodynamic stability of possible stacking configuration for G/Sb heterostructure. The formation energy per atom was described as follows:
where E total G/Sb is the total energy of G/Sb heterostructure and E total G and E total Sb represent the total energies of the pristine graphene and antimonene monolayers, respectively. N is the total number of atoms in the system. The results for bilayer graphene and bilayer antimonene are also calculated as references (listed in Table 1 ). Our calculated interlayer formation energy of bilayer graphene with AB stacking pattern are −24.95 meV per atom, which is in good agreement with previous studies of −18 meV per atom obtained by quantum Monte Carlo simulations [21] . AB stacking is the ground state structure for bilayer antimonene, and E f is −65.12 meV per atom due to the relatively less Sb atoms per unit area. After fully relaxation, the formation energy for the H-H stacking configuration of G/Sb heterostructure (shown in Figure 2a ) with lowest total energy among four geometries considered is about −30.43 meV per atom, implying that the G/Sb heterostructrure exhibits high thermodynamic stability similar to that of bilayer graphene. Besides, the Sb-Sb bond length (2.89 Å) changes little while the C-C bond length (1.43 Å) is slightly shorter than that in freestanding graphene (1.46 Å). The equilibrium interlayer distance (3.53 Å) is slightly shorter than those of P/G (3.61 Å) [20] , C 3 N/P (3.61 Å) [41] , while larger than that of bilayer antimonene (2.84 Å) and bilayer graphene (3.28 Å) with AB stacking pattern in our work. Additionally, deformation resistance is closely associated with the cycling performance of batteries, so we also investigated the in-plane mechanical properties of the G/Sb heterostructure. The calculated results show that the Young's modulus of the G/Sb heterostructure (armchair: 145.20, zigzag: 144.36 N m −1 ) are greatly enhanced compared with those of monolayer antimonene (armchair: 16.70, zigzag: 13.29 N m −1 ), which can be explained by the synergy effect between individual monolayers. This improved stiffness of G/Sb is rather vital as anode materials for LIBs due to the large stresses and deformations resistance caused by the lithium intercalation. Table 1 . Calculated distance between graphene and antimonene (d) and the formation energy (E f ) for different stacking vdW graphene/antimonene heterostructure and bilayer graphene and antimonene with an A-B stacking pattern. Distances and formation energy are given in units of Å and meV/atom, respectively. The band structures and density of states (PDOS) of monolayer graphene, antimonene, and G/Sb are shown in Figure 2c ,d. The pristine antimonene presents a semiconductor character with a direct band gap of 1.26 eV, which agrees well with previous result (1.04 eV) of antimonene [42] .
H-H H-Sb C-H C-Sb 5 × 5-bi-G (AB) 3 × 3-bi-Sb (AB)
When antimonene is capped by graphene, the G/Sb heterostructure with much smaller bandgap of 0.03 eV exhibits electrical conductivity superior to that of antimonene, in which graphene can provide an electrical conducting channel even at a low lithiation level. Previous studies have confirmed that anode materials with relative small band gaps such as graphene/black-phosphorene and graphene/MoS 2 or metallic characters (e.g. blue-P/MS 2 (M = Nb,Ta) heterostructure) [43] are of great benefit for the conductivity of electrode materials. Hence, G/Sb with good electrical conductivity may become a viable candidate for anode materials of LIBs. Nanomaterials 2019, 9, When antimonene is capped by graphene, the G/Sb heterostructure with much smaller bandgap of 0.03 eV exhibits electrical conductivity superior to that of antimonene, in which graphene can provide an electrical conducting channel even at a low lithiation level. Previous studies have confirmed that anode materials with relative small band gaps such as graphene/black-phosphorene and graphene/MoS2 or metallic characters (e.g. blue-P/MS2(M = Nb,Ta) heterostructure) [43] are of great benefit for the conductivity of electrode materials. Hence, G/Sb with good electrical conductivity may become a viable candidate for anode materials of LIBs. To further give insight into how the coating of graphene affects the electronic properties of the G/Sb system, we also investigated the charge transfer and charge density difference distributions. The planar averaged charge density difference along the z direction is plotted in Figure 2c , which is defined as To further give insight into how the coating of graphene affects the electronic properties of the G/Sb system, we also investigated the charge transfer and charge density difference distributions. The planar averaged charge density difference along the z direction is plotted in Figure 2c , which is defined as
where ρ z (G/Sb) is the planar averaged density along z direction of G/Sb, ρ z (G) and ρ z (Sb) are those of the pristine graphene and antimonene with the same positions as in the heterostructure. This charge distribution shows that there are two depletion regions around the topmost graphene surface atoms and a significant accumulation region near the Sb atoms located the upper positions, indicating that the remarkable transfer of charge mainly exists in the interface between graphene and antimonene.
In an effort to quantitatively estimate the amount of charge transfer between graphene and antimonene in G/Sb, Bader charge analysis [44, 45] was carried out in our study. The calculated results show that the charge transfer of 0.139|e| occurs from the antimonene surface to the top-most C atoms (as shown in insert of Figure 2b ), which can be understood by the fact that the C atoms are more electronegative than the Sb atoms.
Adsorption and Intercalation of Single Li in the G/Sb Heterostructure
To examine the properties of Li incorporating into the G/Sb heterostructure, several possible adsorption and intercalation sites were considered in our study. We have explored three different regions- (1) This charge distribution shows that there are two depletion regions around the topmost graphene surface atoms and a significant accumulation region near the Sb atoms located the upper positions, indicating that the remarkable transfer of charge mainly exists in the interface between graphene and antimonene. In an effort to quantitatively estimate the amount of charge transfer between graphene and antimonene in G/Sb, Bader charge analysis [44, 45] was carried out in our study. The calculated results show that the charge transfer of 0.139|e| occurs from the antimonene surface to the top-most C atoms (as shown in insert of Figure 2b ), which can be understood by the fact that the C atoms are more electronegative than the Sb atoms.
To examine the properties of Li incorporating into the G/Sb heterostructure, several possible adsorption and intercalation sites were considered in our study. We have explored three different regions- (1) To better compare the adsorption behaviors of Li at different adsorption and intercalation sites, we calculate the binding energy, which is defined as To better compare the adsorption behaviors of Li at different adsorption and intercalation sites, we calculate the binding energy, which is defined as ) , indicating that the stability of the intercalation of Li in G/Sb depends on both graphene and antimonene. Finally, it can be seen that the G/Li/Sb system is energetically more stable than Li/G/Sb and G/Sb/Li systems by 0.89 eV and 0.69 eV, respectively, which is ascribed to the interaction of Li atom with both graphene and antimonene at the interlayer sites. These calculated results indicate that the Li adatom prefers to reside in the interlayer space of G/Sb heterostructure rather than be incorporate at the outside surfaces of graphene and antimonene during the lithiation process. In other words, Li will first intercalate into the interlayer of the G/Sb during the lithiation process and then occupy the outside surfaces of graphene and antimonene in G/Sb, which is similar to the case of G/black-P [23] but is different from the case of blue-P/MS 2 (M = Nb,Ta) heterostructure [43] . Furthermore, the significant enhancement of Li bonding strength in the G/Sb systems compared to the pristine graphene and antimonene ML is mainly contributed by the synergistic effects between graphene and antimonene, which is beneficial to improve the Li capacities. The enhanced binding energy between Li and G/Sb not only avoid the formation of metallic lithium but also increases the security and reversibility of LIBs, which make it possible for G/Sb to be the candidate anode materials for LIBs in experiments. For the case of G/Li/Sb and G/Sb/Li, a significant charge transfer from Li atom to the neighboring C and Sb atoms, which is due to the atomic electronegativity in the order of C > Sb > Li. While the Li atom adsorbed at the outside surface of graphene, the C atoms are accepters gaining about 1|e| from both Li and Sb, which verify the strong ionic interaction of Li with graphene and antimonene. Furthermore, the large amount of electron transfer listed in Table 2 indicates that the Li atoms are strongly polarized after adsorption, and Coulomb force dominates the interactions between Li and G/Sb. Additionally, the charge transfer (∆Q) for G/Li/Sb and G/Sb/Li are similar to those on ML antimonene (Li/Sb), which indicates that graphene as capping layer does not influence the electronic properties of antimonene.
Effects of Li Concentration on the Adsorption Stability and Volume Expansion of G/Sb Heterostructure
It is known that the performanceof LIBs relies greatly on the Li capacity of the anode materials. Therefore, it is of great importance to understand the electrochemical properties of different lithiated phases during the Li intercalation process by adding more Li atoms to the G/Sb heterostructure. The most stable structures of Li x C 50 Sb 18 (x = 1, 3, 6, 9, 18, and 28) in the process of Li intercalation were explored. For each concentration, we calculated several different configurations. After full geometry optimization, the variation of the averaged binding energy (E b ) as a function of the number of Li ions for the corresponding most stable configurations are shown in Figure 4 . As the additional Li atoms are further inserted into the G/Sb, the average E b decreases gradually from 2.73 eV to 2.43 eV with the number of inserted Li ions increasing from three to 28, which indicated that the G/Li/Sb structures are stable even at high Li concentrations. We found that the charge transfer from the Li atoms to the G/Sb at higher concentrations was reduced compared to that of lower concentrations. When the number of embedded Li increases, the interatomic distances between positively charged Li ions is also reduced. The reduction trend on the binding energy can be attributed to two main factors-(1) the weak electrostatic attraction between the G/Sb heterostructure and the Li cations, which is closely related to the reduction of charge transfer from Li to G/Sb at high concentrations, and (2) the enhanced Li-Li repulsion at high Li concentrations, which is resulted from the shorter Li-Li distance. Nanomaterials 2019, 9, x FOR PEER REVIEW  8 of 16 atoms are strongly polarized after adsorption, and Coulomb force dominates the interactions between Li and G/Sb. Additionally, the charge transfer (ΔQ) for G/Li/Sb and G/Sb/Li are similar to those on ML antimonene (Li/Sb), which indicates that graphene as capping layer does not influence the electronic properties of antimonene.
It is known that the performanceof LIBs relies greatly on the Li capacity of the anode materials. Therefore, it is of great importance to understand the electrochemical properties of different lithiated phases during the Li intercalation process by adding more Li atoms to the G/Sb heterostructure. The most stable structures of LixC50Sb18 (x = 1, 3, 6, 9, 18, and 28) in the process of Li intercalation were explored. For each concentration, we calculated several different configurations. After full geometry optimization, the variation of the averaged binding energy (Eb) as a function of the number of Li ions for the corresponding most stable configurations are shown in Figure 4 . As the additional Li atoms are further inserted into the G/Sb, the average Eb decreases gradually from 2.73 eV to 2.43 eV with the number of inserted Li ions increasing from three to 28, which indicated that the G/Li/Sb structures are stable even at high Li concentrations. We found that the charge transfer from the Li atoms to the G/Sb at higher concentrations was reduced compared to that of lower concentrations. When the number of embedded Li increases, the interatomic distances between positively charged Li ions is also reduced. The reduction trend on the binding energy can be attributed to two main factors-(1) the weak electrostatic attraction between the G/Sb heterostructure and the Li cations, which is closely related to the reduction of charge transfer from Li to G/Sb at high concentrations, and (2) the enhanced Li-Li repulsion at high Li concentrations, which is resulted from the shorter Li-Li distance. It is reported that the performance of Sb anode is seriously restricted by its volume expansion due to Li intercalation [16] , so we studied the structural variation of G/Li/Sb with the increasing of the Li ion concentration intercalated. Compared with the equilibrant interlayer distance (3.53 Å) of clean G/Sb, as listed in Table 2 , the distances between graphene and antimonene (d = 3.44-3.45Å) was slightly reduced when an isolated Li adsorbed on outside antimonene surfaces of G/Sb, while the d values (3.50-3.54 Å ) change little except for ISb configuration with Li intercalated into the interlayer of G/Sb. Taking the case of fully lithiation as an example, we found that the in-plane lattice constant of G/Li/Sb systems present a slight lattice expansion of around 4.5% along the a/b-axis direction as the number of Li ions is increased from 0 to 28, which is significantly smaller than the 1.22-fold expansion in-plane channel reported by experiments for few layer antimonene [15] . Besides, we did not find significant distortion for G/Li/Sb heterostructure even when the number of Li reached to 28. We also did not observe any severe change of the C-C and Sb-Sb bonds of G/Li/Sb heterostructure It is reported that the performance of Sb anode is seriously restricted by its volume expansion due to Li intercalation [16] , so we studied the structural variation of G/Li/Sb with the increasing of the Li ion concentration intercalated. Compared with the equilibrant interlayer distance (3.53 Å) of clean G/Sb, as listed in Table 2 , the distances between graphene and antimonene (d = 3.44-3.45Å) was slightly reduced when an isolated Li adsorbed on outside antimonene surfaces of G/Sb, while the d values (3.50-3.54 Å) change little except for I Sb configuration with Li intercalated into the interlayer of G/Sb. Taking the case of fully lithiation as an example, we found that the in-plane lattice constant of G/Li/Sb systems present a slight lattice expansion of around 4.5% along the a/b-axis direction as the number of Li ions is increased from 0 to 28, which is significantly smaller than the 1.22-fold expansion in-plane channel reported by experiments for few layer antimonene [15] . Besides, we did not find significant distortion for G/Li/Sb heterostructure even when the number of Li reached to 28. We also did not observe any severe change of the C-C and Sb-Sb bonds of G/Li/Sb heterostructure with the increasing of Li concentrations. It was also found that the interlayer distance between graphene and antimonene slightly increases at low Li concentrations (x ≤ 3) and then gradually increases relatively significantly when additional Li atoms constantly insert into the interlayer (3< x ≤ 9). This fact can be explained by the new interaction mechanism of C-Li-Sb at the low concentration instead of the weak vdW interaction in G/Sb heterostructure, but the enhanced Li-Li repulsion and increasing number of the Li adatoms will lead to the separation of two monolayers at a high concertation. The calculated results on interlayer separation suggest that Li intercalation could cause a slight expansion of 0.22 Å in the vertical direction of the G/Sb heterostructure, which is quite a bit smaller than expansion of few layer antimonene along vertical direction (1.14 Å) during the sodiation process reported in experiments [13] . Therefore, the presence of coating graphene with unique mechanical properties on antimonene can effectively prevent the volume expansion of antimonene. These results clearly illustrated that the layered G/Sb heterostructure possess a reversible reaction process during intercalation and removing of Li, which is beneficial for rechargeable ion batteries. These findings provide an effective method to overcome the non-circularity performance and volume expansion problem faced by antimonene as electrode materials in experiments. It is clearly demonstrated that G/Sb can be utilized as a new kind of anode material to improve the performance of antimonene for high-capacity LIBs.
Energy Performance of G/Sb Heterostructure
To get insight into the interaction between intercalated Li and the G/Sb heterostructure, we investigate the partial density of state (PDOS) of G/Sb heterostructure with 1, 9, 18, and 28 Li incorporated as depicted in Figure 5 . Upon the Li intercalation into G/Sb, the system exhibits metallic character, which is different from the semiconducting behavior of ML antimonene, indicating the G/Sb obtained electron from foreign Li atoms. Similar phenomenon has also been observed in previous studies on the graphene/MoS 2 and graphene/black-P heterostructures [19, 20] . It should be noted that the transition from semiconducting antimonene to metallic G/Sb has significant importance for its application in LIBs. In all cases of different Li concentrations, it is obvious that the orbitals of Li overlap with the orbitals of both graphene and antimonene, which indicated that the intercalated Li simultaneously formed strong covalent hybridization with graphene and antimonene. Although the bond between Li and Sb atoms is dominated by ionic interactions, some covalent components still make a minor contribution. Nanomaterials 2019, 9, x FOR PEER REVIEW  9 of 16 with the increasing of Li concentrations. It was also found that the interlayer distance between graphene and antimonene slightly increases at low Li concentrations (x ≤ 3) and then gradually increases relatively significantly when additional Li atoms constantly insert into the interlayer (3< x ≤ 9). This fact can be explained by the new interaction mechanism of C-Li-Sb at the low concentration instead of the weak vdW interaction in G/Sb heterostructure, but the enhanced Li-Li repulsion and increasing number of the Li adatoms will lead to the separation of two monolayers at a high concertation. The calculated results on interlayer separation suggest that Li intercalation could cause a slight expansion of 0.22 Å in the vertical direction of the G/Sb heterostructure, which is quite a bit smaller than expansion of few layer antimonene along vertical direction (1.14 Å ) during the sodiation process reported in experiments [13] . Therefore, the presence of coating graphene with unique mechanical properties on antimonene can effectively prevent the volume expansion of antimonene. These results clearly illustrated that the layered G/Sb heterostructure possess a reversible reaction process during intercalation and removing of Li, which is beneficial for rechargeable ion batteries. These findings provide an effective method to overcome the non-circularity performance and volume expansion problem faced by antimonene as electrode materials in experiments. It is clearly demonstrated that G/Sb can be utilized as a new kind of anode material to improve the performance of antimonene for high-capacity LIBs.
To get insight into the interaction between intercalated Li and the G/Sb heterostructure, we investigate the partial density of state (PDOS) of G/Sb heterostructure with 1, 9, 18, and 28 Li incorporated as depicted in Figure 5 . Upon the Li intercalation into G/Sb, the system exhibits metallic character, which is different from the semiconducting behavior of ML antimonene, indicating the G/Sb obtained electron from foreign Li atoms. Similar phenomenon has also been observed in previous studies on the graphene/MoS2 and graphene/black-P heterostructures [19, 20] . It should be noted that the transition from semiconducting antimonene to metallic G/Sb has significant importance for its application in LIBs. In all cases of different Li concentrations, it is obvious that the orbitals of Li overlap with the orbitals of both graphene and antimonene, which indicated that the intercalated Li simultaneously formed strong covalent hybridization with graphene and antimonene. Although the bond between Li and Sb atoms is dominated by ionic interactions, some covalent components still make a minor contribution. 1, 9, 18, 28 ). The scale of left Y-axis is for the PDOS of graphene and antimonene, which is represented by the gray and red lines, respectively; the scale of right Y-axis is for the PDOS of Li labeled by green line.
Open circuit voltage (OCV) and specific capacity are commonly used to estimate the performance of batteries. Under the premise that the small change in volume and entropy are ignored, the OCV can be approximately computed from the total energy difference based on the following equation:
where E G/Sb+x 1 Li and E G/Sb+x 2 Li denote the total energies of supercell of the G/Sb with x 1 and x 2 Li atoms intercalated, respectively, and µ Li is the chemical potential of Li atom, which is equal to the energy of a Li atom in its bulk bcc crystal structure. e is the unit of charge. The calculated OCV of G/Sb as a function of the Li concentrations and the corresponding optimized configurations are shown in Figure 6 . It can be seen that the OCV decreases from 0.89 V to 0.11 V as the Li concentrations increases during the process of lithiation, which is within the desired potential range (0.10-1.00 V) for anode materials [20] . It is known that the relatively low OCV is necessary for G/Sb as anode for LIBs. When the value of OCV reaches its minimal, the concentration of Li incorporated in G/Sb heterostructure reaches its peak value, which corresponds to the case of full lithiation. x = 1 , 9, 18, 28) . The scale of left Y-axis is for the PDOS of graphene and antimonene, which is represented by the gray and red lines, respectively; the scale of right Y-axis is for the PDOS of Li labeled by green line.
Open circuit voltage (OCV) and specific capacity are commonly used to estimate the performance of batteries. Under the premise that the small change in volume and entropy are ignored, the OCV can be approximately computed from the total energy difference based on the following equation: Figure 6 . It can be seen that the OCV decreases from 0.89 V to 0.11 V as the Li concentrations increases during the process of lithiation, which is within the desired potential range (0.10-1.00 V) for anode materials [20] . It is known that the relatively low OCV is necessary for G/Sb as anode for LIBs. When the value of OCV reaches its minimal, the concentration of Li incorporated in G/Sb heterostructure reaches its peak value, which corresponds to the case of full lithiation. Li storage capacity is another factor to determine the performance of LIBs, and the theoretical specific capacity can be given by
where x is the maximum number of Li adatoms intercalated, F is the Faraday constant (26.081 Ah mol −1 ), and / G Sb M is the mole weight of the G/Sb heterostructure. It is expected that the G/Sb heterostructure can offer larger storage capacity than bilayer antimonene since the G/Sb heterostructure has a smaller mole weight compared to bilayer antimonene. According to Figure 5 , we can estimate the maximum number of Li adatoms intercalated to G/Sb is 28. Based on the Equation (5), the theoretical specific capacity of G/Sb are estimated to be 270.13 mAh g −1 , which is Li storage capacity is another factor to determine the performance of LIBs, and the theoretical specific capacity can be given by
where x is the maximum number of Li adatoms intercalated, F is the Faraday constant (26.081 Ah mol −1 ), and M G/Sb is the mole weight of the G/Sb heterostructure. It is expected that the G/Sb heterostructure can offer larger storage capacity than bilayer antimonene since the G/Sb heterostructure has a smaller mole weight compared to bilayer antimonene. According to Figure 5 , we can estimate the maximum number of Li adatoms intercalated to G/Sb is 28. Based on the Equation (5), the theoretical specific capacity of G/Sb are estimated to be 270.13 mAh g −1 , which is higher than that (208 mAh g −1 ) of pristine antimonene in reference [14] . The above results show that the moderate open circuit voltage and high specific capacity of G/Sb make it a potential anode material for LIBs. The theoretical specific capacity of G/Sb obtained is smaller than the experimental values for a few layers of antimonene and Sb nanoparticles, but antimonene rapidly expands about 200% in volume [15] . With the capping of graphene, our calculations predicted that the volume expand is slight (around 4.5% at in-plane direction and increasing of 0.22 Å for interlayer distance) in the case of full lithiation, which is in agreement with G/Sb heterostructure as anode of sodium-ion batteries [30] . The theoretical specific capacity of G/Sb can be increased to be 549.91 mAh g −1 , which is close to the experimental value for few layer antimonene [15] by intercalating more Li ions in G/Sb heterostructures in consequence of notorious volume changes.
Li Diffusion on the G/Sb Heterostructure
The rate capacity is the essential issue for high-performance LIBs, which is closely associated with the high electrical conductivity and Li mobility. It has been discussed that the presence of graphene could significantly reduce the bandgap of antimonene, and the incorporation of Li atoms further improves the electrical conductivity of G/Sb. Since the fast Li diffusion is vital for the battery to rapidly charge/discharge, we next turn to investigate the mobility of Li atoms at G/Sb heterostructure. As listed in Table 2 , the interactions between Li and G/Sb heterostructure are much stronger than those between Li and graphene or antimonene, and the adsorption sites and diffusion pathways in the G/Sb systems thus mainly occur in the following regions: on the outside surface of graphene or antimonene, from the outside surface of graphene or antimonene to interlayer space, and the interlayer space between graphene and ML antimonene. The optimized migration pathways and corresponding energy profiles are presented in Figure 7 .
On the outside surfaces of graphene, it is noted that the energy barrier is about 0.35 eV for diffusion of Li adatom from H C site to the nearest-neighboring H C site in Figure 7a , which is comparable to the cases of Li diffusion on pristine graphene in previous studies (0.32 eV) [4] . Similarly, we also found that the Li adatom shared the same migration pathway both on outside surface of antimonene of G/Sb heterostructure and ML antimonene, such as diffusing from T Sb site to the nearby T Sb site passing through the intermediate stable H Sb site as shown in Figure 7b . The calculated diffusion barrier is slightly higher by 0.03 eV than that for the diffusion of Li (0.34 eV) on ML antimonene reported by Sengupta et al. [14] . By comparison, we found that the diffusion behavior of Li adatom on the outside surface of graphene and antimonene is almost unaffected by the bilayer heterostructure, which is stacked by weak vdW interaction.
As listed in Table 2 , Li adatom inserted into the interlayer of G/Sb is more stable than that adsorbed at the outside surface of graphene or antimonene. Therefore, we also investigated the possibility of Li migration from the outside surface to the interlayer region by directly crossing the graphene and antimonene surfaces, which are shown in Figure 7c ,d. It is noticeable that the energy barrier is about 10.51 eV for Li diffusing through the C-C ring, which is consistent with the value (10.02 eV) of Li adatom crossing the graphene in previous study [46] . The diffusion barrier for Li diffused from H Sb site to I C site through the Sb-Sb ring is about 1.26 eV, which is compatible to the case of Li migrate cross Sb layers in few layer antimonene (1.14 eV) [15] and in the bulk Sb (1.73 eV) [47] . These calculated results indicate that it is much easier for Li passing through antimonene to accommodate at the most stable sites at the interlayer region of G/Sb than through graphene. We think the different results are mainly caused by Sb-Sb ring with larger size of about 4.76 Å (2.85 Å for C-C ring), which is conducive to the passing of Li via the center of the hexagon. Interestingly, Kistanov and co-workers found that the tensile strain could effectively reduce the energy barrier for a lithium atom to diffuse across the antimonene sheet based on the DFT calculations [48] , which can further confirm our calculations. Figure 7e ), Li atoms move from site IH2 to the nearest ISb site and then straight to the next nearest ISb site. Compared to the pristine monolayers, Li atoms display relatively higher diffusion barriers in the interlayer of G/Sb due to the larger binding energies, such as 0.59 eV and 0.80 eV for path-I and path-II, respectively. Such energy barriers (0.59-0.80 eV) are much lower than that in the interlayer space of bulk Sb (1.73 eV) [48] and are comparable to several commonly studied anode materials, such as high-capacity bulk silicon anode materials with a diffusion barrier around 0.57 eV, Figure 7e ), Li atoms move from site I H2 to the nearest I Sb site and then straight to the next nearest I Sb site. Compared to the pristine monolayers, Li atoms display relatively higher diffusion barriers in the interlayer of G/Sb due to the larger binding energies, such as 0.59 eV and 0.80 eV for path-I and path-II, respectively. Such energy barriers (0.59-0.80 eV) are much lower than that in the interlayer space of bulk Sb (1.73 eV) [48] and are comparable to several commonly studied anode materials, such as high-capacity bulk silicon anode materials with a diffusion barrier around 0.57 eV, commercial graphite (0.5 eV) [49] , and graphene/V 2 CO 2 (0.60 eV) [21] , suggesting that antimonene covered with graphene are promising candidates for anode materials in battery applications. The reasons for the different energy barrier are ascribed to the presence of the geometric constraint in G/Sb, which affects the binding energy of Li intercalation, interlayer separation, and distance between Li and host. In other words, the Li atom should travel between graphene and antimonene at the interlayer region instead of moving on top of the surface of graphene or antimonene. However, it also has been reported that the diffusion behavior of Li in the interlayer of G/phosphorene (0.12 eV) [20] and C 3 N/phosphorene (0.24 eV) [41] are very similar to that on pristine ML phosphorene (0.09 eV) [6] , which mainly arises from the diffusion of Li occurring inside the groove of phosphorene rather than the interlayer region.
Previous experimental studies confirmed that weakening the interaction of Li ions with the constituent layers can effectively reduce the diffusion barriers of Li atom [24, 50] . This can be achieved by fabricating pillar structures to enlarge the interlayer distance of graphene and antimonene with the help of intercalated molecules or carbon nanotubes [50] . For instance, adjusting the interlayer distance can also improve the storage capacity by multilayer adsorption between the layers, such as Ti 3 C 2 O 2 intercalated by quinone molecules displays fast kinetics and enhanced Li storage capacity [25] . In order to provide further support for this statement, we have performed additional calculations by enlarging the G-Sb interlayer distance from the equilibrium value of 3.53 Å to 4.20 Å manually. In this case, we find that the binding energies for Li located at I Sb and I C are 2.70 eV and 2.41 eV, which are smaller than those for G/Sb with equilibrium interlayer distance. The diffusion energy barrier for Li diffusion along the path-I reduces from 0.59 eV to about 0.34 eV. These calculated results support the energetic stability of Li embedded in the G/Sb interface, and we also find that the increasing of the G-Sb vertical distance could remarkably reduce the energy barrier of Li diffusion, due to the weakening of the interactions between adjacent sheets. Meanwhile, more Li atoms can be intercalated in the interlayer region and the theoretical specific capacity of G/Sb can be estimated to be 369.03 mAh·g −1 when interlayer distance is increased to 4.20 Å, which is very close to that of the commercial graphite anode (372 mAh g −1 ) [49] .
Conclusions
In summary, we have systematically investigated the G/Sb heterostructure as an anode material for LIBs based on first-principles calculations. The calculated results reveal the G/Sb heterostructure not only exhibits high structural stability with formation energy of about -30.43 meV per atom, which is higher (the absolute value) than that of the stacked graphene bilayer (-24.95 meV per atom), but also possesses improved stiffness accompanied by greatly enhanced Young's modulus (armchair: 145.20, zigzag: 144.36 N m −1 ) compared with free standing antimonene (armchair: 16.70, zigzag: 13.29 N m −1 ). It is noted that the existence of graphene could effectively reduce the bandgap of the G/Sb heterostructure to 0.03 eV, indicating the electrical conductivity of hybrid heterostructure is significantly enhanced compared to pristine ML antimonene, which is beneficial for G/Sb heterostructure-based LIBs. It is also found that the Li adatom prefers to intercalate into the interlayer region with larger adsorption energy (2.92 eV) instead of incorporating at the outside surface of graphene (2.02 eV) or antimonene (2.23 eV), which indicated that the interlayer region of the G/Sb heterostructure could provide a unique space for the accommodation of Li atoms due to the synergistic effect. Furthermore, Li adatoms maintain the high diffusion mobility of Li on the outside surfaces of antimonene or graphene of G/Sb heterostructure, while the diffusion barrier of Li in the interlayer region increases to 0.59 eV from 0.35 eV for pristine ML antimonene. It results from the limited interlayer distance and common modulation of individual monolayers on the Li bonding strength and can be reduced to 0.34 eV simply by increasing the interlayer distance. Importantly, the in-plane lattice constant of G/Sb heterostructure is slightly increased by around 4.5% along the a/b-axis direction in the case of full lithiation, which is significantly smaller than that of few layers of antimonene. The interlayer distance of G/Sb also increases relatively slightly (0.22 Å) during the full lithiation process, which is much less than that of a few layers of antimonene (1.14 Å) reported in experiments. Therefore, the capping of graphene can effectively minimize the volumetric expansion during charging process, which is desirable for anode materials of LIBs. The theoretical specific capacity of G/Sb heterostructure (369.03 mAh g −1 ) is also improved compared to pristine antimonene (about 208 mAh g −1 ) after full lithiation. The calculated open circuit voltage (OCV) is in the range of 0.89 V to 0.11 V, which is within the desired potential range (0.10-1.00 V) for anode materials. Overall, our findings show that G/Sb exhibits good mechanical properties, good electrical conductivity, very small volume expansion, relatively high capacity, and suitable open circuit voltage, which demonstrates that G/Sb holds promise to be a good candidate as an anode material in LIBs. Moreover, these studies could enhance the understanding of 2D antimonene-based heterostructures, which is important for the rational design of high-performance electrode materials for LIBs.
